Available online xxxx RNA-directed chromatin modification that includes cytosine methylation silences transposable elements in both plants and mammals, contributing to genome defense and stability. In Arabidopsis thaliana, most RNA-directed DNA methylation (RdDM) is guided by small RNAs derived from double-stranded precursors synthesized at cytosine-methylated loci by nuclear multisubunit RNA Polymerase IV (Pol IV), in close partnership with the RNA-dependent RNA polymerase, RDR2. These small RNAs help keep transposons transcriptionally inactive. However, if transposons escape silencing, and are transcribed by multisubunit RNA polymerase II (Pol II), their mRNAs can be recognized and degraded, generating small RNAs that can also guide initial DNA methylation, thereby enabling subsequent Pol IV-RDR2 recruitment. In both pathways, the small RNAs find their target sites by interacting with longer noncoding RNAs synthesized by multisubunit RNA Polymerase V (Pol V). Despite a decade of progress, numerous questions remain concerning the initiation, synthesis, processing, size and features of the RNAs that drive RdDM. Here, we review recent insights, questions and controversies concerning RNAs produced by Pols IV and V, and their functions in RdDM. We also provide new data concerning Pol V transcript 5′ and 3′ ends. This article is part of a Special Issue entitled: Plant Gene Regulatory Mechanisms and Networks.
1. Overview of RNA-directed DNA methylation (RdDM) and multisubunit RNA Polymerases IV and V RNA-directed chromatin modification is used throughout eukaryotes as a means to prevent the transcription and movement of transposable elements, thereby protecting the genome from mutation and instability. In eukaryotes that do not methylate their DNA, such as fission yeast, fruit flies or nematodes, small noncoding RNAs (RNAs that do not encode proteins) can guide histone modifications that help establish chromatin states refractive to transcription by RNA polymerases I, II or III. These same repressive histone modifications occur in species that utilize RNA to direct DNA methylation, including plants and humans, with cytosine methylation serving as an additional, important layer of regulation (reviewed in [32, 57, 90] ).
In plants, noncoding RNAs can direct the methylation of previously unmodified cytosines in any sequence context (CG, CHG, CHH; where H = A, C or T). The DNA methyltransferase enzyme that carries out this de novo cytosine methylation is DRM2. Importantly, DRM2 is an ortholog of human DNMT3a/b, reflecting their descent from a progenitor enzyme present in a common ancestor of plants and animals [11] [12] [13] . Once cytosines have been methylated de novo by DNMT3 or DRM2, other DNA methyltransferases can maintain specific DNA methylation patterns following each round of DNA replication, and do so in an RNA-independent manner. For instance, CG methylation patterns, which are symmetric on the two strands of DNA, are maintained in mammals and plants (and other eukaryotes) by DNMT1 and MET1, respectively, which again are orthologous enzymes [26, 82] . Plants also encode plant-specific cytosine methyltransferases, named CMT3 and CMT2, which maintain symmetric CHG methylation (CMT3) or maintain asymmetric CHH methylation in regions of dense pericentric heterochromatin (CMT2) [11, 12, 87, 100] . Proteins that recognize the different DNA methylation patterns help recruit chromatin modifying enzymes that chemically modify the associated histones. Likewise, proteins recognizing specific histone modifications can recruit cytosine methyltransferases (reviewed in [57] ). In this way, RNA biogenesis, DNA methylation and histone modification machineries work together to reinforce so-called epigenetic states, which can be defined as alternative states of gene activity that are not dictated by DNA sequence alone.
A common theme in eukaryotic RNA-directed chromatin modification is that small RNAs, such as siRNAs or piRNAs, bound to Argonaute family proteins, interact with longer chromatin-associated RNAs that act as scaffolds for assembly of chromatin modifying activities (reviewed in [37] ). In Arabidopsis thaliana, the model plant species in which RNA-directed DNA methylation (RdDM) is best understood, two plant-specific nuclear multisubunit RNA polymerases, Pol IV and Pol V, play major roles as generators of RNAs that program RdDM (reviewed in [29] ). Pol IV and Pol V are each composed of twelve subunits, and mass spectrometry analyses revealed that these subunits are either identical to, or paralogous to, the twelve subunits of Pol II [28, 81] , indicating that Pols IV and V evolved as specialized forms of Pol II (see also [33, 39, 53] ). In Arabidopsis, Pols IV and V differ in three of their subunits, suggesting that these subunits might collectively make Pol IV and Pol V activities unique [81] . However, subsequent mass spectrometry analyses in maize have shown that the only fundamental difference between Pol IV and Pol V is their use of different largest subunits [28] . The catalytic centers of multisubunit RNA polymerases are formed by their two largest subunits [15] , and the second-largest subunits of Pols IV and V are the same. Thus, any differences in Pol IV and Pol V activity are presumably explained by amino acid differences in their distinctive largest subunits.
The RNA products of Pols IV and V have distinct roles in separate steps of the RdDM pathway. In the conventional model, Pol IV initiates RdDM by producing precursors that are processed into small RNAs [51, 79] . Pol IV physically associates with RNA-DEPENDENT RNA POLY-MERASE 2 (RDR2) [30, 58] . Together, these enzymes make doublestranded RNAs that are diced into 24 nt siRNAs by DICER-LIKE 3 (DCL3) [97] , 2′-O-methylated at their 3′ ends by HEN1 [59] (which stabilizes the RNAs by preventing their uridylation and turnover), and loaded into an Argonaute protein, primarily AGO4 [111] or AGO6 [106] . Pol V then works downstream in the pathway by producing RNA scaffolds that recruit AGO4-siRNA complexes to the chromatin target sites [93, 94] . AGO4 interaction with Pol V transcripts subsequently recruits the de novo methyltransferase, DRM2 [10, 27, 108] . As summarized in the model of Fig. 1 , resulting DRM2-mediated de novo cytosine methylation of the adjacent DNA, accompanied by histone modifications that include histone deacetylation (by HDA6) [1] , histone H3 lysine 9 methylation (by SUVH4, SUVH5 and SUVH6) [21, 22, 41, 42] and histone H3 lysine 4 demethylation (by JMJ14) [17, 84] all ensue, resulting in a chromatin environment refractive to conventional gene transcription by RNA Polymerases I, II or III (the RdDM pathway has been reviewed in [29, 66] ) (see Fig. 1 ).
Thus, a major difference between RNA-directed chromatin modification in plants compared to other eukaryotes is that both the siRNA precursors and scaffold RNAs are produced by specialized polymerases rather than the ubiquitous polymerase, Pol II. Moreover, Pol II is an essential enzyme whereas Pols IV and V are dispensable for viability (at least in Arabidopsis), making plants valuable model systems in which to study the specific roles of multisubunit RNA polymerases and their RNA products in the epigenetic regulation of gene expression. In this review, we discuss recent advances in our understanding of Pol It is useful to consider RdDM as having three major aspects: RNA synthesis (by Pol IV, RDR2 and Pol V), cytosine methylation, and heterochromatin formation. CG maintenance methylation, requiring the histone deacetylase, HDA6 and cytosine methyltransferase, MET1 is linked to dimethylation of histone H3 on lysine 9 (H3K9me2). The Pol IV partner protein, SHH1 binds H3K9me2, helping recruit Pol IV to the chromatin to be transcribed. Pol IV somehow gains access to the DNA and initiates transcription, generating short transcripts in partnership with RDR2 and the putative ATP-dependent DNA translocase, CLSY1 (or related CLSY proteins), whose function is unknown. MET1-dependent CG maintenance methylation also plays a role in Pol V recruitment via SUVH2 or SUVH9, which bind to methylated CG motifs and interact with MORC6/DMS11, which associates with the DDR complex (DRD1, DMS3, RDM1) known to be required for production of Pol V-transcribed RNAs. DRD1 is an ATP-dependent DNA translocase, and RDM1 has single-stranded DNA binding activity, suggesting that DRD1 may act as a helicase to provide Pol V with a single-stranded template. AGO4-siRNA complexes bind Pol V transcripts, as do SPT4/5, the IDN-IDP, and SWI/SNF complexes, helping facilitate protein-protein interactions that recruit the de novo cytosine methyltransferase, DRM2 and histone modifying enzymes, resulting in extensive cytosine methylation and heterochromatin formation.
IV and V transcriptional regulation and transcript processing and function, as well as challenges that lie ahead in our quest to understand the RNAs of RdDM.
Pol IV and V transcript function

Pol IV transcript function: precursors for siRNAs
The requirement of Pol IV for the accumulation of 24 nt siRNAs in vivo was one of the first phenotypes identified in the initial characterization of this enzyme [35, 73] . However, the Pol IV-dependent precursors that give rise to siRNAs have only been described recently, based on their accumulation when DICER-LIKE 3 (DCL3), the endonuclease primarily responsible for 24 nt siRNA processing, is mutated [8, 60, 98, 99, 101] . Mutations in DCL2 and DCL4 further increase the abundance of these RNAs by blocking alternative routes of dicing into 21 or 22 nt siRNAs. Incubating RNAs that accumulate in dcl3 mutants with purified DCL3 in vitro results in cleavage of the RNAs into 24 nt RNA products, consistent with the longer RNAs being direct precursors of 24 nt siRNAs [8] . Moreover, the sequences of 24 nt siRNAs tend to perfectly match the sequences of precursor RNAs beginning at either the 5′ ends or 3′ ends of the precursors, suggesting that individual precursors give rise to siRNAs by single DCL3 cleavage events measured from either end [8, 101] .
Pol IV-dependent precursor RNAs that accumulate in dcl3 mutants are also fully dependent on RDR2, thus we refer to them as Pol IV-RDR2 transcripts (abbreviated as P4R2 RNAs) [8, 60, 101] . Notably, however, Pol IV affinity-purified from rdr2 null mutant plants is transcriptionally active in vitro [30] . Likewise, recombinant RDR2 is transcriptionally active in vitro [68] , showing that Pol IV-RDR2 interaction is not obligatory for the fundamental catalytic activities of either enzyme. Therefore, it is currently unclear why both enzymes are required for making either strand of siRNA precursors in vivo.
One of the most intriguing recent findings came from wholegenome bisulfite sequencing experiments that indicate that P4R2 RNAs can guide RNA-directed DNA methylation without being diced into siRNAs [98, 99] . This deduction stems from the detection of Pol IV and RDR2-dependent cytosine methylation that persists in quadruple dicer mutants that are null for dcl2, dcl3 and dcl4, and hypomorphic for dcl1 (a hypomorphic mutation was needed due to the lethality of dcl1 null mutants). This raises the question of whether siRNAs are truly needed for RdDM, a provocative idea.
Pol V transcript function: scaffolds for recruitment of chromatin modifying complexes
Pol V-dependent transcripts were first identified through a simple, trial and error approach that consisted of identifying RT-PCR products that were detected in wild type plants but absent in Pol V mutants. These non-coding transcripts were found to be derived from regions of the genome associated with siRNAs and DNA methylation, and were shown to extend from intergenic regions into the promoter regions of adjacent transposons, correlating with the silencing of these promoters. Importantly, the intergenic (IGN) transcripts could be cross-linked to Pol V, were generated at loci occupied by Pol V, and were no longer generated if the Pol V active site was mutated [93] . Collectively, these lines of evidence indicated that IGN RNAs are the direct transcription products of Pol V.
The major functions of Pol V transcripts are to serve as scaffolds for recruitment of proteins to chromatin. As noted above ( Fig. 1) , siRNA-AGO complexes find their target sites as a consequence of Pol V transcription [94, 105] . This process is best understood in the context of AGO4-medaited RdDM. AGO4 association with chromatin is lost if the catalytic site of the Pol V largest subunit (NRPE1) is mutated, preventing Pol V transcription but not Pol V subunit assembly [94] . These observations suggest that siRNA-Pol V transcript basepairing is the primary mode of AGO4 recruitment to target sites. However, protein-protein interactions between AGO4 and the C-terminal domain (CTD) of the Pol V largest subunit [23, 34] and between AGO4 and SPT5L/KTF1 (a paralog of the Pol II elongation factor SPT5 that binds Pol V and Pol V transcripts, as a heterodimer with SPT4) likely generate a metastable multimeric complex [7, 34, 52, 83] .
An additional protein that binds Pol V scaffold transcripts and helps mediate RdDM is the RNA binding protein, IDN2 [10] . IDN2 is related to SGS3, an RNA binding protein involved in dsRNA synthesis by RDR6, which generates precursors for DCL4-mediated 21 nt siRNA production [69] . However, IDN2 is not involved in 24 nt siRNA production, yet is required for DNA methylation at a subset of RdDM target loci [3, 107] . IDN2 preferentially binds dsRNA molecules with 5′ overhangs in vitro [3] , but the significance of this activity in vivo is unclear. Importantly, IDN2 forms a complex with the paralogous proteins, IDP1 (also known as IDNL1 or FDM1) and IDP2 (also known as IDNL2 or FDM2,) mutants of which have RdDM phenotypes partially redundant with those of IDN2 [2, 95, 96, 102] .
IDN2's binding to Pol V transcripts in vivo occurs in an AGO4-dependent manner [10, 110] . This binding event is subsequently required for the direct or indirect association of DRM2 with the Pol V scaffold transcripts, providing a mechanistic link between IDN2-RNA interactions and DNA methylation at loci that are dependent on IDN2 [2, 10] . Exactly how IDN2 is recruited downstream of AGO4 and how DRM2 is recruited downstream of IDN2 is unclear, given that there appears to be no direct physical interaction between IDN2 and AGO4 or DRM2 [2, 96, 102] . But at least one of the IDN2 interacting proteins, IDP1 (IDNL1/FDM1), has been shown to be capable of interacting with DNA as well as RNA [96] , suggesting that the IDN2 complex might bind to both Pol V scaffold transcripts and their DNA templates, possibly stabilizing AGO4-DRM2 effector complexes and promoting DNA methylation [2, 10] . In vitro reconstitution or structural analyses of complexes involving RNA, IDN2, AGO4, and DRM2 would no doubt be enlightening.
In addition to being required for recruitment of DRM2, IDN2 interactions with Pol V transcripts are also required for recruitment of the SWI-SNF chromatin remodeling complexes to regions via direct physical interaction with the SWI/SNF subunit, SWI3b, which stabilizes nucleosomes at RdDM target loci [110] . The function of nucleosome stabilization is not entirely clear but has been proposed to provide DRM2 with stably positioned target cytosines around the nucleosome [110] . Alternatively, nucleosome stabilization may be related to IDN2's interaction with the MORC6/DMS11 ATPase protein (which also interacts with SWI3b) that functions in transcriptional silencing downstream of DNA methylation [62] .
Other Argonaute proteins in the cell, including AGO2, AGO6, and AGO9, have also been shown to bind siRNAs and participate in RdDM [31, 72, 78] . These AGO-siRNA complexes are presumably recruited to chromatin through interactions with Pol V transcripts in a manner similar to AGO4. Both AGO6 and AGO9 transgenes, when placed under the native AGO4 promoter, can partially rescue ago4 mutants [31] . Moreover, AGO2 and AGO6 have been shown to be required for DNA methylation at loci that also require Pol V [19, 25, 31, 67, 71, 78, 106] and are capable of interacting with the AGO-hook motifs of the Pol V largest subunit's C-terminal domain [78] . Additionally, AGO6 recruitment to chromatin has been shown to be dependent on Pol V both in the context of Pol IV-derived, 24 nt siRNA-mediated RdDM and RDR6-derived, 21-22 nt siRNA-mediated RdDM [67] . These data indicate that Pol V transcription can be used to recruit diverse, specialized AGO-siRNA complexes, and not necessarily for RdDM. For instance, AGO2 recruitment by Pol V is implicated in DNA double-strand break (DSB) repair because DSBs are associated with production of 21 and 24 nt siRNAs bound by AGO2, and both AGO2 and Pol V are required for efficient DSB repair [91] . However, it is not yet clear if Pol V transcribes DSB loci to produce scaffold RNAs to which AGO2 complexes bind. Nonetheless, the possibility that small RNA-Pol V scaffold RNA interactions guide a variety of processes in the nucleus is intriguing.
How do Pols IV and V know where to transcribe?
Given the importance of Pols IV and V in RNA-directed DNA methylation and gene silencing, a critical question is: how do these polymerases target specific loci? DNA sequences associated with Pol IV and Pol V have been identified genome-wide by chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) [56, 92, 109] . No consensus sequences that are highly correlated with Pol IV or Pol V-associated regions have been identified. This suggests that Pol IV and Pol V recruitment may not involve conventional promoter sequences that are recognized by sequence specific DNA-binding proteins, although use of diverse, or sequence-tolerant, promoter elements could make such sequences difficult to identify.
Instead, evidence has accumulated that chromatin marks play an important role in specifying sites of Pol IV and Pol V transcription. Pol IV and Pol V are both recruited to sites modified by HDA6-dependent histone deacetylation, maintenance methylation (by MET1 and/or CMT3), and histone H3K9 dimethylation (H3K9me2), a histone modification known to occur in crosstalk with maintenance cytosine methylation [9, 47, 56, 58, 103] . This realization has come from experimental evidence generated by multiple laboratories. For instance, in studies investigating the role of HDA6 in RdDM, Blevins et al. found a surprising requirement for HDA6 in Pol IV recruitment and 24nucleotide siRNA biogenesis at many loci [9] . Interestingly, siRNA biogenesis lost in hda6 mutants is not regained at these loci simply by restoring HDA6 activity, indicating that a heritable epigenetic memory required for Pol IV recruitment is erased in hda6 mutants, and is not easily regained once lost. Knowing that HDA6 is required for CG and CHG maintenance methylation at rRNA genes [20] , as well as other loci, met1 null mutants were tested and found to have the same loss of siRNA biogenesis and loss of epigenetic memory observed in hda6 mutants. Thus, MET1-dependent maintenance methylation can account for the heritable epigenetic memory that marks loci for Pol IV recruitment and silencing by RdDM, establishing a chromatin state responsible for a region's "silent locus identity" [9] .
In independent studies, the Jacobsen and Zhu labs found that a protein that physically interacts with Pol IV, SHH1/DTF1, binds histones displaying the repressive H3K9me2 mark, and Pol IV association with many of its sites of action genome-wide are lost in shh1 mutants [56, 58, 103] . It has long been known that a subset of heterochromatin regions displaying MET1-dependent cytosine methylation is enriched for H3K9me2, a histone mark that can be lost when mutation of met1 leads to transcriptional derepression [45, 86] . Mechanistically, the relationship between H3K9 methylation and cytosine methylation is best understood in relation to CHG methylation, which is the sequence context that is specifically bound by the SUVH4 histone methyltransferase [46] . Thus it is possible that met1 effects on H3K9 methylation are related to decreases in non-CG rather than CG methylation-a hypothesis that has been supported by genome-wide cytosine methylation analyses [87] . H3K9 methylation is also highly correlated with maintenance methylation established by CMT3, which methylates DNA in the CHG context and specifically binds to methylated H3K9, thus forming a positive-feedback loop with SUVH4 [18, 87] . Mutations in cmt3 also cause a loss of H3K9 methylation and Pol IV-SHH1 dependent siRNAs [87] , but whether Pol IV occupancy fails to be regained upon re-introduction of a wild type CMT3 gene, similar to MET1 or HDA6, remains to be tested. Collectively, the observations of the different laboratories fit the hypothesis that maintenance DNA methylation allows for the inheritance of an epigenetic signal that is translated into H3K9 dimethylation, providing a docking site for SHH1-Pol IV complexes (see Fig. 1 ). Consistent with this hypothesis, RdDM loci dependent on HDA6, MET1 and SHH1 significantly overlap [9] .
Pol V recruitment also requires maintenance methylation by MET1 [47] . However, in this case, the methylated DNA is recognized directly by the methylcytosine binding proteins, SUVH2 and SUVH9 [44, 47, 48, 61, 62] . These proteins are members of the histone methyltransferase family that have SRA domains for binding methylated DNA as well as domains for methylating histone H3 within associated nucleosomes. Interestingly, amino acid changes have rendered SUVH2 and SUVH9 non-functional as histone methyltransferases, yet they retain their ability to bind methylated cytosines [47] . Pol V recruitment to its sites of action is impaired in suvh2/9 mutants-an interaction that is presumably mediated by bridging proteins. In the studies that first identified Pol V transcripts [93, 94] , production of the RNAs was shown to require DRD1, a putative ATP-dependent DNA translocase [49] , and DMS3, a protein related to the hinge domains of cohesins and condensins [50] . DRD1 and DMS3 were subsequently shown to associate with one another and with a single-stranded DNA binding protein, RDM1 to form the so-called DDR complex [55, 63] . A protein that interacts with the DDR complex is the MORC ATPase, DMS11 [63] , also known as AtMORC6. For DRD1, DMS3, and DMS11/MORC6, there is evidence for direct physical interaction with SUVH2 and/or SUVH9 in vivo [47, 61] . Collectively, these observations suggest that methylated DNA is recognized by SUVH2 or SUVH9, recruiting the DDR-DMS11/MORC6 complex that facilitates Pol V transcription, via mechanisms that remain unclear. We have speculated that the DDR complex, and its associated proteins, may play a role in unwinding DNA to facilitate Pol V transcription, analogous to the helix unwinding that occurs at DNA replication forks [76] . However, direct biochemical tests of this hypothesis are still needed.
Although the majority of RdDM is mediated by the 24 nt siRNAs that account for approximately 90% of all siRNAs present in Arabidopsis cells, an important role for 21-22 nt siRNAs in the early establishment of RdDM has come to light in recent years [85] . Transposon-derived transcripts synthesized by Pol II are recognized by the cell, in part by cellular microRNAs (miRNAs) that basepair with the transposon RNAs in association with AGO1, which then slices the mRNAs [16] . Via mechanisms that remain biochemically undefined, sliced mRNAs become templates for dsRNA synthesis by the RNA-dependent RNA polymerase, RDR6, and these dsRNAs are then cut, primarily by DCL4, into 21 nt secondary siRNAs which can further direct mRNA slicing in association with AGO1. In this way, messenger RNAs encoding transposon proteins are degraded, thus curtailing transposon activity. However, genetic and genomic evidence also indicate that RDR6-dependent siRNAs can associate with AGO6 and direct de novo cytosine methylation of targeted transposons' DNA [67, 71, 74] . In this way, methylation marks that can potentiate subsequent Pol IV and Pol IV recruitment can be established. The ensuing Pol IV-RDR2 and Pol V transcription, and 24 nt siRNA-mediated RdDM, can then maintain silencing.
P4R2 and Pol V transcript characteristics
Because Pols IV and V are evolutionarily derivatives of Pol II, might their transcripts undergo processing like Pol II derived mRNAs? Major processing steps for Pol II transcripts include the addition of a 7-methylguanosine cap on the 5′ end, a 3′ poly-A tail, and splicing of intronic sequences. All of these modifications are mediated by proteinprotein interactions between Pol II and processing enzymes. Of particular importance is the C-terminal domain (CTD) of the Pol II largest subunit, which interacts with components of the splicing, capping, and cleavage/ polyadenylation complexes, allowing co-transcriptional processing (reviewed in [6, 36, 38] ). Other Pol II domains can also interact with RNA processing factors, including the foot domain of the largest subunit, which interacts with the capping complex [88] , and the flap loop domain of the second-largest subunit, which interacts with both the cleavage/ polyadenylation and capping machineries [65, 75] . Intriguingly, the Pol IV and Pol V largest subunits, NRPD1 and NRPE1, have CTDs whose sequences have completely diverged from the CTD of the Pol II largest subunit, NRPB1 [29, 40, 79, 89] . Moreover, NRPD1 and NRPE1 are missing the foot domain [64, 79] . Likewise, the second largest subunit, NRPD/E2, which is shared by Pols IV and V, is missing the flap loop domain. The flap loop domain is also absent in Pols I and III, which has been suggested to at least partially explain why Pol I and III transcripts do not undergo capping ( Fig. 2A) [65] . Collectively, the amino acid sequence divergence of Pol IV and V subunits, compared to Pol II subunits, suggests that these polymerases may have lost the ability to interact with the RNA processing factors that modify Pol II transcripts.
P4R2 RNAs are relatively short, double-stranded RNAs typically ranging in size from~26-45 bp, with the peak of their size distribution occurring at approximately 30 bp [8, 98, 99, 101] . This short size likely precludes splicing. Furthermore, consideration of P4R2 RNA clusters at the loci from which they are derived revealed no evidence for discontinuities consistent with splicing of longer precursors [60] .
Currently, our knowledge of Pol V transcription units is limited to regions that have been amplified by reverse transcription and PCR (RT-PCR), generally limited to intervals of~200 bp or less [10, 83, [92] [93] [94] 104, 105, 109, 110] . Thus far, RT-PCR product sizes have matched the sizes predicted from the DNA template, with no unexpected smaller products attributable to splicing. Clearly, this does not rule out the possibility of splicing, but at present there is no evidence for it. For Pol II, the flap loop domain is important for interactions with both the capping and polyadenylation machinery. Sc: Saccharomyces cerevisiae; Sp: Schizosaccharomyces pombe; Dm: Drosophila melanogaster; At: Arabidopsis thaliana; Pt: Populus trichocarpa; Vv: Vitis vinifera; Zm: Zea mays; Os: Oryza sativa; Pc: Pinus canariensis; Cr: Cycas revoluta. B) Results of oligodT bead fractionation of total RNA, followed by qRT-PCR. Histograms display the average ratio of transcript levels in the Poly-A enriched (bead) fraction relative to the Poly-A depleted (supernatant) fraction for three biologic replicates (error bars are one standard deviation from the mean). Note that Pol V-dependent transcripts are enriched at significantly lower levels in the Poly-A fraction compared to the Pol II-dependent transcripts ACT2 and TUB8, suggesting they Pol V transcripts are not polyadenylated. C) Schematic of enzyme treatments used to distinguish if Pol V transcripts possess a 7-methylguanosine cap, triphosphate, or monophosphate group on the 5′ terminal nucleotide. Treatment A consisted of an initial treatment with Tobacco Acid Pyrophosphatase (TAP) to convert any 5′ caps or 5′ triphosphate groups to monophosphates, followed by a treatment with Terminator exonuclease, which degrades RNA with a 5′ monophosphate group, but has no effect on RNA molecules with 5′ caps or triphosphate groups. Treatment B included an initial treatment with 5′ Polyphosphatase, which converts 5′ triphosphates into monophosphates, but has no effect on 5′ caps, followed by a treatment with Terminator exonuclease. Treatment C consisted of treatment with Terminator exonuclease only. As a control, an equal amount of total RNA was also subjected to each treatment step with no enzyme added. D) After treatments, transcript levels were measured by quantitative RT-PCR and ratios of transcript levels in treatment (+) enzyme : treatment (−) enzyme were compared for each treatment group, A, B, and C (shown are the average ratios across at least three biologic replicates, with error bars showing one standard deviation from the mean). With this treatment scheme, we predicted that a transcript with a 5′ cap should be most severely depleted by Treatment A and relatively resistant to Treatments B and C. A transcript with a 5′ triphosphate group was predicted to be~equally depleted by Treatments A and B and resistant to C, whereas, a transcript with a 5′ monophosphate should be equally depleted in all treatments. We found these predictions to be accurate for our Pol II control transcripts, ACT2 and TUB8, which were significantly more depleted by Treatment A than Treatments B and C. Also, the Pol I control transcript, 45S, which is characterized by a 5-triphosphate in its primary state, was equally depleted by Treatments A and B. The Pol V transcripts assayed were also equally depleted by Treatments A and B, which had a greater effect than Treatment C, suggesting the majority of the Pol V transcript population is characterized by a 5′ triphosphate.
A.
Flap
The 3′ ends of P4R2 RNAs are not modified with a poly-A tail, but often contain one or two untemplated nucleotides [8, 60, 98, 101] . Different opinions exist as to how the 3′ ends of P4R2 RNAs are generated, and why the RNAs are so short (~30 bp). One hypothesis is that cytosine methylation in the DNA template can cause misincorporation of a nucleotide other than G in the RNA, inducing Pol IV termination and thus limiting the size of Pol IV transcripts [101] . However, Pol IV transcripts generated in vitro using unmethylated single-stranded bacteriophage M13 DNA as the template, are similar in size to P4R2 RNAs made in vivo, albeit slightly longer [8] . This suggests that the short size of P4R2 RNAs reflects an intrinsically poor processivity of Pol IV compared to other known RNA polymerases, even on non-methylated DNA. Moreover, RDR2 has terminal transferase activity that will add one or two non-templated nucleotides to the ends of an RNA molecule, suggesting an alternative explanation for non-templated nucleotides at the ends of P4R2 RNAs, as opposed to Pol IV mis-incorporation [8] . Another recent paper has suggested that the 3′ ends of P4R2 RNAs might be produced by sequential exonuclease action that removes one nucleotide at a time from longer transcripts, resulting in P4R2 RNAs that can have the same 5′ end, but variable 3′ ends [99] . This hypothesis stems from the observation that defects in RdDM are observed in mutants for RRP6-LIKE 1 (RRP6L1), an ortholog of a yeast enzyme known to be a 3′ exoribonuclease. However, as the authors themselves point out, there is no direct evidence that RRP6L1 trims P4R2 RNAs, such that the effects of RRP6L1 on RdDM may not be related to small RNA biosynthesis. Because Pol IV transcripts generated in vitro have variable 3′ end positions [8] , random termination rather than sequential exonuclease action may provide an alternative explanation for 3′ ends that can differ by increments of single nucleotides.
Pol V transcript 3′ ends have been characterized, to a limited extent, relative to Pol II-derived mRNAs [93] . Upon fractionation of RNA into poly-A enriched and poly-A depleted fractions, Pol V IGN5 transcripts were detected only in the poly-A depleted fraction, suggesting that Pol V transcripts lack a 3′ poly-A tail [93] . An expanded examination of Pol V transcripts from other loci indicates that the lack of a poly-A tail is a general characteristic of these RNAs (Fig. 2B) .
P4R2 RNAs tend have a purine (A or G) at their 5′ ends (the + 1 position), with a pyrimidine (C or T) present in the DNA at -1 [8, 101] . This is a conserved signature of transcripts generated by all known multisubunit RNA polymerases, from bacteria to archaea to eukaryotes [4] , thereby implicating Pol IV rather than RDR2. However, as first noted by Li et al., the P4R2 RNAs lack triphosphate groups at their 5′ ends, as is expected for an initiating nucleotide; instead the RNAs have 5′ monophosphates [60] . This raises the possibility that 5′ ends of P4R2 RNAs might be generated by processing, perhaps involving an endonuclease that cleaves RNA between adjacent pyrimidine-purine motifs. However, transcripts generated in vitro using affinity purified Pol IV (isolated in an rdr2 mutant background) from long singlestranded DNA templates also obey the −1 pyrimidine/+1 purine rule at their 5′ ends [8] arguing against P4R2 end consensus sequences arising through processing. Instead, an unknown activity that removes a terminal pyrophosphate group of P4R2 RNAs is implicated.
Pol V transcripts at the IGN5 locus were found to have purines at their 5′ ends [93] . Furthermore, full-length Pol V IGN5 transcripts were deduced to have either 5′ caps or triphosphate moities [93] , but tests to distinguish between these possibilities were not conducted. Thus, we have revisited this question by using three enzyme treatment schemes that can distinguish between a 5′ cap, a 5′ triphosphate, or a 5′ monophosphate (Fig. 2C) . Treatment A consisted of an initial treatment with Tobacco Acid Pyrophosphatase (TAP), which will convert 5′ caps or 5′ triphosphate groups to 5′ monophosphates, followed by treatment with Terminator exonuclease, which specifically degrades RNAs that have 5′ monophosphates. In Treatment B, an initial treatment with 5′ polyphosphatase, which converts 5′ triphosphates into monophosphates, but has no effect on 5′ caps, was followed by treatment with Terminator exonuclease. Treatment C consisted of treatment with Terminator exonuclease only (Fig. 2C) . As a control, an equal amount of total RNA was also subjected to each treatment step, but with no enzyme added. After the treatments, transcript levels were determined using quantitative RT-PCR and ratios of transcript levels in treated versus untreated samples were compared for treatments A, B, or C.
We predicted that a transcript with a 5′ cap should be most severely depleted by Treatment A but would be relatively resistant to Treatments B and C. By contrast, transcripts with 5′ triphosphate groups should be equally depleted by Treatments A and B, but resistant to C. Transcripts with a 5′ monophosphate group should be equally depleted in all treatments. These predictions hold true for actin and tubulin (ACT2 and TUB8) mRNA controls, transcribed by Pol II, which were significantly more depleted by Treatment A than by Treatments B or C, consistent with these mRNAs bearing 7-methylG caps (Fig. 2D) . By contrast, a Pol I-transcribed control transcript, 45S pre-rRNA, which is expected to have a 5′ triphosphate [5] , was equally depleted by Treatments A and B, as expected for RNAs with triphosphate groups at their 5′ ends, and was less depleted by Treatment C (Fig. 2D) . Pol V transcribed RNAs respond similar to the Pol I 45S pre-rRNA control, being equally depleted by Treatments A and B, and less depleted by Treatment C (Fig. 2D ). This indicates that the majority of Pol V transcripts have a 5′ triphosphate, as expected of a primary transcript, and are not modified by addition of a 7-methyguanosine cap. A portion of the Pol V transcripts (averaging~30%) tested have 5′ monophosphate groups (Fig. 2D) , presumably generated by cleavage or partial degradation.
Collectively, the evidence suggests that P4R2 and Pol V transcripts do not undergo RNA processing steps characteristic of Pol II derived mRNAs, namely capping, splicing or polyadenylation. This is consistent with the amino acid changes, relative to Pol II, in domains that interact with processing enzymes, as discussed previously.
Outstanding questions for Pol IV and Pol V dependent RNAs
As noted above, Pol IV and RDR2 are both capable of transcription independently of one another in vitro, yet both are equally required for the accumulation of P4R2 RNAs in vivo. Thus, a major question remaining for P4R2 RNAs is the extent to which Pol IV and RDR2 each contribute to the population of precursor RNAs present in vivo. The presence of a 5′ monophosphate on P4R2 RNAs strongly suggests there are additional steps in P4R2 RNA processing that are yet to be discovered. Indeed, a recent study described a role for RNaseIII-like enzyme, RTL2, in cleaving a subset of P4R2 RNAs prior to processing by Dicers [24] . Identification of additional P4R2 RNA processing factors may allow for an experimental uncoupling of Pol IV and RDR2 in vivo and provide insight to their individual roles.
Since their initial discovery and characterization [93] , the number of known Pol V-transcribed loci has increased substantially, due largely to genome-wide Pol V localization by ChIP-seq [92, 109] . However, only tens of Pol V-produced RNAs have been confirmed by RT-PCR and no full-length primary transcripts of Pol V have yet been described. An understanding of Pol V transcription start and termination sites, thus defining the lengths of Pol V transcripts and the sequences that flank them, is sorely needed. Such information would also assist efforts to determine the fates of Pol V transcripts following transcription, including their potential cleavage and degradation.
There are currently only two proteins with potential ribonuclease activity that have been identified as interactors with Pol V transcripts, AGO4 and RRP6L1 [94, 104] . AGO4 is capable of slicing RNA in vitro, and this activity is at least partially required for RdDM in vivo [80] . However, it is not clear that AGO4 slices Pol V transcripts, nor is it clear what the consequences of Pol V transcript slicing might be. An initial hypothesis was that Pol V transcript slicing may contribute to Pol V dependent siRNA production [80] . However, recent studies in yeast have shown that, at least in S. pombe, ago slicer activity is dispensable for secondary siRNA amplification [43] . RRP6L1 is a putative 3′ to 5′ exoribonuclease related to the yeast nuclear exosome component, Rrp6 [54] , which one might think would make it an excellent candidate for an enzyme involved in Pol V transcript degradation and turnover. However, contrary to this hypothesis, a recent study has demonstrated that Pol V transcripts, are less stable in rrp6L1 mutants, not more stable [104] .
Mass spectrometry analyses in maize indicate that the distinct largest subunits of Pols IV and V are the only fundamental difference between the two enzymes [28] . The major difference between the largest subunits of Pols IV and V is the presence of a long C-terminal domain (CTD) in the Pol V largest subunit and a short CTD in the Pol IV largest subunit. The Pol II CTD plays a critical role in all aspects of Pol II transcription [6, 36, 38] . Although the long Pol V CTD has no amino acid sequence similarity with the Pol II CTD , structural features reminiscent of the Pol II CTD are present, including a (predicted) unstructured series of peptide repeats and multiple amino acid residues that could potentially be subjected to post-translational modification, such as phosphorylation [29, 40, 79, 89] . Targeted investigations of Pol IV and Pol V CTD domains to explore their roles in RdDM and Pol V transcription, their post-translational modification, or their interactions with other proteins seems likely to provide new insights into the unique functions of these fascinating and enigmatic enzymes.
Methods
RNA extraction and RT-PCR
Total RNA was extracted from 2-2.5 week old above-ground tissue of Col-0 WT or nrpe1-11 [77] using Trizol and RT-PCR was conducted as described in [93] . Primers for IGN22 (RT: 5′ CGGGTCCTTGGACTCC TGAT 3′; PCR: 5′ TCGTGACCGGAATAATTAAATGG 3′), IGN23 (RT: 5′ GCCATTAGTTTTAGATGGACTGCAA 3′; PCR: 5′ GGGCGAACCTGGAGAA AGTT 3′), IGN25 (RT: 5′ CTTCTTATCGTGTTACATTGAGAACTCTTTCC 3′; PCR: 5′ ATTCGTGTGGGCTTGGCCTCTT 3′), and IGN26 (RT: 5′ CGTGAC ATTAGAAGCTCTACGAGAA 3′; PCR: 5′ TTCCTGGCCGTTGATTGGT 3′) are from [83] . Primers for IGN24 (RT: 5′ CGCATACGATGGTCGGAGAG TT 3′; PCR: 5′ GCTTATCATTATCCAAACTTGATCCTATCCTAAA 3′) are from [92] . Primers for IGN29 (RT: 5′ CATGTGTTGTTGTGTGTTTCACTAT 3′; PCR: 5′ TAAAACTTTTCCCGCCAACCA 3′) are from this study and [110] . Primers for IGN34 (RT: 5′ CCCTTTCATCGACACTGACA 3′; PCR: 5′ ATGAATAACAAATTTGGAGTCGTC 3′), IGN35 (RT: 5′ GACGGACCAAAC GATTTCAT 3′; PCR: 5′ TTCCTCTTTGAGCTTGACCA 3′), IGN36 (RT: 5′ CAGTTTTGGGTGCGGTTTAT 3′; PCR: 5′ GACAAAAATTGCTTTAGACCAT GA 3′) are from [10] . Primers for 45S rRNA (RT: 5′ CAAGCAAGCCCATT CTCCTC 3′; PCR: 5′ GAGTCTGGGCAGTCCGTGG 3′) are from [14] . Primers for ACT2 (RT: 5′ CTGTACTTCCTTTCAGGTGGT 3′; PCR: 5′ GCTGACCGTA TGAGCAAAGA 3′) and TUB8 (RT: 5′ TCGAATCGATCCCGTGCT 3′; PCR: 5′ TCACATACAAGGTGGCCAATG 3′) are from this study.
Poly-A fractionation and 5′ ends analysis of RNA
RNA was fractionated into Poly-A enriched and Poly-A depleted fractions using the Sigma FastTrack MAG mRNA Isolation Kit according to the manufacturer's instructions. RNA was precipitated from the Poly-A depleted fraction using 2 vol 100% ethanol and 1/10th volume sodium acetate (pH 5.2). RT-PCR products from each fraction were quantified by running 10 μl on a 2% agarose gel stained with ethidium bromide, followed by measuring band intensities with Quantity One software. Ratios of band intensities in the Poly-A enriched and Poly-A depleted fractions were calculated for each target transcript across at least 3 biologic replicates.
To characterize 5′ ends, RNA was subjected to three enzyme treatment schemes. To target RNAs with a 5′ cap, 5′ triphosphate, or 5′ monophosphate group RNA was first treated with Tobacco Acid Pyrophosphatase, followed by a treatment with Terminator exonuclease. To target RNAs with a 5′ triphosphate or 5′ monophosphate, RNA was treated with 5′ polyphosphatase, followed by a treatment with Terminator exonuclease. To target only 5′ monophosphate RNAs, RNA was treated with Terminator exonuclease only. All enzymes were obtained from Epicentre and treatments were conducted according to the manufacturer's instructions. After each treatment step, RNA was cleaned using the Zymogen RNA Clean and Concentrate Kit. As a control RNA was subjected to each treatment step with no enzyme added. For each treatment scheme, RT-PCR products were quantified by running 10 μl on a 2% agarose gel stained with ethidium bromide, followed by measuring band intensities with Quantity One software. Ratios of band intensities in the treatment (+) enzyme and treatment (−) enzyme fractions were calculated for each target transcript across at least 3 biologic replicates for each treatment scheme.
Amino Acid sequence alignments
Amino acid sequences for the second largest subunits of Pols I, II, III, and IV/V for each of the species listed in Fig. 2 were obtained from public databases and [40] . Sequences were aligned using T-Coffee [70] .
